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Introduction {#sec001}
============

Cervical cancer (CC) is the fourth most common cancer in women worldwide \[[@pone.0137397.ref001]\]. Each year 530,000 new cases are reported, making it the leading cause of death by cancer in women from developing countries \[[@pone.0137397.ref002], [@pone.0137397.ref003]\]. Human papillomavirus (HPV) is present in almost 100% of CCs patients and is considered the main cause for development of CC. Worldwide, HPV 16 is the most frequently detected viral type in CC, found in approximately 50% of cases, followed by HPV 18 (15%) \[[@pone.0137397.ref004], [@pone.0137397.ref005]\]. Vaccines currently used are very effective in preventing infections by HPV types 16 and 18. They also prevent development of high-grade cervical intraepithelial neoplasia associated with these viruses \[[@pone.0137397.ref006], [@pone.0137397.ref007]\]. However, since these vaccines offer protection against only some viruses and the duration of the immune response is unknown, it is recommended that vaccinated women continue to be enrolled in early detection programs for CC \[[@pone.0137397.ref008], [@pone.0137397.ref009]\]. In many countries, these vaccines have been incorporated into vaccination programs for girls aged 9--12 years \[[@pone.0137397.ref010], [@pone.0137397.ref011]\]. Despite vaccine implementation, the natural history of the disease indicates that an impact on cervical cancer incidence will not be seen for decades. \[[@pone.0137397.ref010], [@pone.0137397.ref012]\]. Furthermore, according to the distribution of HPV types 16 and 18 among various age groups, about half of the women over 50 years with CC would not be protected by such preventive vaccines \[[@pone.0137397.ref013]\]. Therefore, it is necessary to improve procedures for early detection and treatment of CC.

Current treatment for CC includes surgery, chemotherapy, radiation therapy, or a combination of these therapies, depending on the clinical stage of the disease. Although the success of these conventional methods depends on the clinical stage of the disease, in general, patient survival decreases with the stage of the disease \[[@pone.0137397.ref014]\]. While there are targeted therapies for many types of cancer \[[@pone.0137397.ref015]\], there are no specific targeted therapies against CC. Mutated oncoproteins, especially protein kinases, are the targets of most specific-target cancer drugs \[[@pone.0137397.ref016]\]. In addition, some specific drugs target normal proteins upregulated in tumors, such as HER2/neu in breast cancer \[[@pone.0137397.ref017], [@pone.0137397.ref018]\]. Identification of upregulated molecular targets in CC, which are essential for tumor growth and absent in healthy cervix, is the first step towards development of specific target drugs for treatment of CC.

The inhibition of mitosis is a well-known strategy to combat cancer \[[@pone.0137397.ref019], [@pone.0137397.ref020]\]. Drugs that inhibit the process of cell division are usually effective as anticancer agents. The taxanes and vinca alkaloids, which inhibit the formation of the mitotic spindle, are well-known examples of these drugs. However, their effectiveness is limited because they also affect the microtubule network of cells that do not divide affecting endothelial functions and producing neurotoxic effects.

In a previous work, we demonstrated that the gene \"cyclin-dependent kinase inhibitor 3\" (*CDKN3*), which is involved in mitosis, is upregulated in CC compared to that in normal cervical epithelium. Furthermore, in a preliminary 3.5-year survival analysis, including a small sample of CC patients (n = 42) positive for HPV16, the high expression levels of *CDKN3* have been found associated with a shorter patient survival \[[@pone.0137397.ref021]\]. These data suggest that *CDKN3* may be involved in tumor progression, at least in CC positive for HPV16. It is not known whether the over expression of *CDKN3* is also associated with a survival decrease in CC patients positive for HPVs other than HPV16.

To demonstrate conclusively whether the overexpression of *CDKN3* is associated with reduced survival time in CC patients, a 5-year survival analysis was conducted in a larger sample (n = 121). This included a group of patients positive for HPVs other than HPV16 and a larger group of HPV16-positive patients. Furthermore, to investigate whether *CDKN3* is involved in the carcinogenesis process, we analyzed the effect of the inhibition of *CDKN3* gene expression on the proliferation, migration, and invasion of cell lines derived from HPV16-positive (SiHa and CaSki) and HPV18-positive (HeLa) CCs.

Methods {#sec002}
=======

Patient selection, study design, and endpoints {#sec003}
----------------------------------------------

The study subjects included 134 patients diagnosed with CC at the Department of Oncology and 25 women with normal cervical epithelium (experimental controls) evaluated at the Department of Obstetrics and Gynecology at the Hospital General de México in Mexico City. The CC samples were a subset selected from a total of 462 patients with CC who were recruited with the following inclusion criteria: clinical diagnosis of invasive CC at the Oncology Department, no previous treatments, and born and resident in Mexico with a Mexican ancestry going back two generations. Patients who fulfilled the inclusion criteria were subsequently recruited during the periods from November 2003 through April 2005 and January 2006 through July 2007, and represented about 80% of the patients diagnosed with CC during this period. The selection criteria for the CC subset were based on the availability of high-quality RNA extracted from fresh tumor biopsy with more than 70% tumor cells in the morphological analysis and the viral type positivity of tumors. Based on the quality of RNA, most cases (88%) were selected during the second recruitment period. CCs included 90 samples positive for HPV16 (42 previously reported \[[@pone.0137397.ref021]\], which were updated with the 5-years survival data, and 48 new samples analyzed for this report) and 44 positive for other HPV types: 18, 31, 33, 35, 45, 51, 52, 53, 58, 59, and 68. The women included in this report were comparable to those excluded based on age (mean = 50 years), race/ethnicity, histology, and tumor stage. The frequency of HPV types in this subset was not comparable to the frequency in the whole sample \[[@pone.0137397.ref013]\], since a higher proportion of HPV16-positive tumors were selected. The tumors of CC patients were staged according to the Fédération Internationale de Gynécologie Obstétrique (FIGO) \[[@pone.0137397.ref022]\]. Two biopsy samples were taken from the tumors during colposcopy examinations. One sample was divided into two equal parts: one part was fixed in buffered formalin for morphological analysis and the other part, together with the second biopsy sample, was snap-frozen on dry ice and stored at −80°C until analysis. Control cervical specimens were obtained from patients undergoing hysterectomy due to myomatosis. The race and mean age (49 years) of these patients was similar to that of the patients with CC. They were previously diagnosed with a normal cervix by cytology and colposcopy. Immediately after receiving a cervical fragment from the operating room, we dissected the exocervical epitheliums under a stereoscopic microscope to avoid stromal cells. Only four samples (16%) were positive for HPV but the signals were weak. The primary endpoint was the 5-year overall survival. The study protocol was approved by the Scientific and Ethics Committees of the Hospital General de Mexico (approval number DIC/03/311/04/051) and informed written consent was obtained from all participants prior to their inclusion.

DNA and RNA isolation {#sec004}
---------------------

DNA was purified from biopsy specimens using a PureLink Genomic DNA Kit (Invitrogen, Carlsbad, CA, USA) and maintained at −20°C until analysis. Total RNA was isolated from half of the divided biopsy using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. The quality of the RNA was confirmed with agarose gel electrophoresis, as demonstrated by the presence of intact ribosomal RNA, with the 28S band twice as intense as the 18S band.

Detection and HPV typing {#sec005}
------------------------

The HPV detection was performed by PCR using universal primers located in HPV L1 genes *MY09*/*MY11*, *GP5+*/*6+*, and *L1C1*, as described previously \[[@pone.0137397.ref023]--[@pone.0137397.ref025]\]. The *HBB* gene was used as an internal control to assess the quality of the DNA. The HPV types were identified by sequencing the amplified bands using the fluorescent cycle-sequencing method (BigDye Terminator Ready Reaction Kit; Applied Biosystems, Carlsbad, CA, USA). Sequence analysis was performed using an ABI PRISM 3130xl Genetic Analyzer system (Applied Biosystems). Each band sequenced was analyzed with the FASTA sequence similarity tool \[[@pone.0137397.ref013], [@pone.0137397.ref026]\]. The average identity percentage of HPV types detected was 98.7% when compared to the reference sequences.

Measurement of *CDKN3* gene expression using quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) {#sec006}
-----------------------------------------------------------------------------------------------------------------------------

Reverse transcription of total RNA was performed using the High-Capacity cDNA Archive kit (Applied Biosystems) in a total volume of 20 μL. The mix included 2 μg of RNA, 2 μL of 10× RT buffer, 0.8 μL of 100 mM dNTPs, 2 μL of 10× RT Random Primers, 1 μL of MultiScribe^TM^ reverse transcriptase (5 U/μL), and 1 μL of RNase inhibitor (2 U/μL). Reactions were incubated at 37°C for 120 min, and then stored at −20°C. *CDKN3* gene expression was measured in 134 CC and 25 healthy cervical epithelium control samples by reverse transcription-quantitative PCR (RT-qPCR) using TaqMan probes. *GAPDH* was used as internal control. TaqMan gene expression assays were used (*CDKN3*, Hs00193192_m1; *GAPDH*, Hs02758991_g1; Applied Biosystems). The experiments were run in triplicate in a final volume of 20 μL, including 200 ng of cDNA template, 10 μL of 2× TaqMan Universal PCR Master Mix (Applied Biosystems), 1 μL of 20× TaqMan Gene Expression Assay, and 7 μL of RNase-free water. The cycling program was run in a Rotor-Gene (Corbett Research, Sydney, Australia), which was set as follows: an initial PCR activation step at 50°C for 2 min followed by 95°C for 10 min, then 40 cycles of melting at 95°C for 15 s and annealing/extension at 60°C for 1 min. Measurement of gene expression was based on relative standard curves constructed from a 10-fold serially diluted pool of CC cDNAs ranging from 500 to 0.05 ng. The expression of *CDKN3* gene was normalized in each tumor and control sample to the intensity of the internal reference (*GAPDH*) using a previously described method \[[@pone.0137397.ref021]\]. The normalized intensity values were measured in ng/μL. A normality test (Shapiro-Wilk) was carried out to test for a normal distribution of gene expression data. The fold-change expression was calculated by dividing the median normalized intensity of each tumor sample by the median normalized intensity of the control samples. The statistical significance between the medians of tumors and controls was calculated with the Mann--Whitney (MW) non-parametric test.

Identification of *CDKN3* RNA variants using RT-PCR and DNA sequencing {#sec007}
----------------------------------------------------------------------

*CDKN3* RNA variants were determined in the cDNA of 45 tumors, 22 normal cervical epithelium, and three cell lines (CaSki, Hela, and SiHA) using RT-PCR. The primers used for the RT-PCR were previously described \[[@pone.0137397.ref027]\] or designed according to published variants sequences \[[@pone.0137397.ref028]\] ([S1 Table](#pone.0137397.s003){ref-type="supplementary-material"}). The PCR products were analyzed using agarose gel electrophoresis and sequenced using the fluorescent cycle-sequencing method (BigDye Terminator Ready Reaction Kit; Applied Biosystems). Sequence analysis was performed using an ABI PRISM 3130xl Genetic Analyzer system (Applied Biosystems). Sequences were analyzed with the FASTA sequence similarity tool \[[@pone.0137397.ref013], [@pone.0137397.ref026]\], SeqScape software (Applied Biosystems), and ClustalW2 alignment tool (<http://www.ebi.ac.uk/Tools/msa/clustalw2/>).

Survival analysis {#sec008}
-----------------

According to FIGO staging patients with cervical cancer received individualized treatment based on the treatment guidelines for cervical cancer of the American Cancer Society ([S2 Table](#pone.0137397.s004){ref-type="supplementary-material"}). After the treatment was completed, each patient was clinically evaluated every 1, 3 or 6 months by an experienced oncologist. Clinical data of the follow-up study was obtained from the patients' medical record. Also, a social worker performed phone calls and home visits to the patients every 6 months during the study. Only 121 of 134 patients explored with qRT-PCR were included in the follow-up study, and included 83 samples positive for HPV16 and 38 samples positive for other HPV types, including HPV18, 31, 33, 35, 45, 51, 52, 53, 58, 59 and 68. Survival analysis was performed on all patients who received treatment and were followed up at least 10 months. Those marked with an asterisk in the [S2 Table](#pone.0137397.s004){ref-type="supplementary-material"} did not receive treatment (n = 8) or were lost during the follow up in the first 10 months (n = 5). The median following time of the 121 patients was 64 months after initial diagnosis. Status alive was registered at the last follow up, death was caused by primary tumor of cervical cancer, except the case labeled with a double asterisk in [S2 Table](#pone.0137397.s004){ref-type="supplementary-material"} (R221), and unknown cases were referred to those patients we lost track of their status before 60 months of follow-up (R251, R278, R289 and R379). These lost cases and the patient deceased from causes other than cervical cancer (R221) were designated as censored. Censored and deceased patients were followed up for the number of months indicated in [S2 Table](#pone.0137397.s004){ref-type="supplementary-material"}. Patients were considered lost when did not attend to medical appointments for disease control, were not found at home visits or did not answer phone calls. The cause of death of all patients during the follow up was confirmed by the medical record and the death certificate. The association of FIGO, HPV type and *CDKN3* expression with survival was investigated by survival analysis (see below in the section of [statistical analysis](#sec016){ref-type="sec"}).

Cell lines {#sec009}
----------

The CC cell lines positive for HPV16 (CaSki, SiHa) and HPV18 (HeLa) were provided by Dr. J. C. Gomora from the Department of Biophysics of IFC-UNAM, México City. The cells were cultured with Dulbecco\'s Modified Eagle\'s Medium (Gibco® DMEM Cat: 12100--038, Life Technologies, Grand Island, NY) supplemented with fetal bovine serum (Gibco® Cat: 16000--044, Life Technologies) and antibiotic-antimycotic solution (Gibco® Cat: 15240--062, Life Technologies) at 37°C in a 5% CO~2~ incubator. Cell lines were authenticated by short tandem repeat profiling prior the experiments (data not shown).

Transfection of siRNAs {#sec010}
----------------------

The experiments were repeated two times in triplicate. A total of 2 × 10^5^ cells were seeded in each well of a twelve-well plate and grown to 60--80% of confluency prior to transfection. Cells were transfected with a mixture of three specific siRNAs against *CDKN3* (*CDKN3* siRNA, sc-43877) or control siRNAs which contain three scrambled sequences that will not lead to the specific degradation of any know cellular mRNA (control siRNA-A, sc-37007), using the siRNA Transfection Reagent (sc-29528) according to the manufacturer's instruction (all regents from Santa Cruz Biotechnology, Inc., CA). Different concentrations of siRNAs were explored (80, 100, and 120 nM) to investigate the appropriate concentration to inhibit *CDKN3* mRNA in cell lines, incubating the cells 48 h after transfection. The *CDKN3* gene expression level was measured by RT-qPCR as described above.

Immunofluorescence staining {#sec011}
---------------------------

CDKN3 protein expression was determined in the three cell lines transfected with the specific *CDKN3* or scrambled siRNAs by immunofluorescence. Transfected cells were grown directly on coverslips deposited in the plate wells. Cells cultured 96 h after transfection were fixed in absolute ethanol for 20 min at -20°C. Then, a solution containing 5% of bovine serum albumin in PBS and 0.05% Triton X-100 for cell permeabilization was added and incubated for 30 min. The primary rabbit polyclonal antibody against CDKN3, obtained from Abcam (Cat. 118702; Abcam Biochemicals, Cambridge, MA), was diluted 1:200 in 5% of bovine serum albumin in PBS and 0.05% Triton X-100. A total volume of 20 μL was added to each coverslip, which were incubated overnight at 4°C in a moist chamber. After washing with PBS, the antigen-antibody complexes were detected by incubating the coverslips with 20 μL of anti-rabbit FITC-conjugated secondary antibody (1:100; ZyMax^TM^, Life Technologies Jackson Lab) 2 hours at room temperature. Cell nuclei were counterstained with DAPI \[4\', 6-Diamidino-2-Phenylindole, Dihydrochloride\] (1:1000; Invitrogen). Assays were performed in triplicate. As we have reported previously \[[@pone.0137397.ref021]\], in tissue slides of normal cervical epithelium, this CDKN3 detection system, involving primary and secondary antibodies, did not give any signal (data not shown). Similarly, in cell line experiments used to test the specificity of the system, in which the primary antibody was not included, the detection system did not give any signal ([S1 Fig](#pone.0137397.s001){ref-type="supplementary-material"}). These data indicate that our system is specific for CDKN3 protein detection. Images were viewed at 60× magnification using a confocal Olympus fluorescence microscope (Olympus FV1000, Center Valley, PA), and digital images were acquired with a CCD camera. The green fluorescence intensity was quantified in 140 fields of each experiment using ImageJ software \[[@pone.0137397.ref029]\].

Immunohistochemistry (IH) {#sec012}
-------------------------

The protein expression of CDKN3 was determined in 37 CC (22 and 15 positive for HPV16 and other HPVs, respectively) and 21 control samples using immunohistochemistry (IH). Five tissue microarrays (TMA) were built with each containing 10--12 CCs and 4--5 controls. The assay was performed as previously described \[[@pone.0137397.ref021]\]. In brief, the TMA were deparaffinized in xylene and then rehydrated sequentially with graded concentrations of alcohol. The primary antibody against CDKN3 (sc-475, 1:100) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antigen-antibody complexes were detected using the avidin-biotin peroxidase method, with 3,3′-diaminobenzidine-tetrahydrocloride as a chromogenic substrate (Cat. KO679 LSAB+Sys/HRP; Dako-Cytomation Carpinteria, CA, USA) and the sections were counterstained with hematoxylin. Assays were performed in triplicate. The cellular localization of the immunoreaction was identified, and the intensity was scored 0--4, where 0 indicated no staining and 4 the most intense staining.

Western blotting {#sec013}
----------------

CDKN3 protein expression was determined using western blotting in the three cell lines transfected with the specific CDKN3 or scrambled siRNAs. Proteins were obtained in radioimmunoprecipitation assay (RIPA) lysis reagent (Cat: 89900, Life Technologies). The protein content of each lysate was determined using a Bradford protein assay (Cat: B6916, Sigma-Aldrich, St Louis, MO, USA) with bovine serum albumin (BSA) as a standard. A 50-μg sample of each lysate was resolved on 12% denaturing polyacrylamide gels (with 5% polyacrylamide stacking gel) and transferred electrophoretically onto a nitrocellulose membrane. After blocking with 5% nonfat dry milk in Tris-buffered saline plus Tween (TBST), the membrane was incubated with a rabbit polyclonal antihuman CDKN3 antibody (sc-475 Santa Cruz Biotechnology, Inc.) and a mouse monoclonal antihuman actin antibody (the monoclonal anti-actin antibody was kindly donated by Manuel Hernámdez, Ph.D, CINVESTAV) overnight at 4°C. The membrane was then incubated with horseradish peroxidase (HRP)--conjugated secondary antibodies (GE Healthcare Bio-Sciences) for 1 h at room temperature. After washing with TBST, the immunoreactive proteins were developed using the enhanced chemiluminescence kit (GE Healthcare Bio-Sciences).

Proliferation assay {#sec014}
-------------------

The experiments were repeated two times in triplicate. Cells transfected either with the specific siRNAs against *CDKN3* mRNA or control siRNAs were seeded in each well of twenty four-well plates and harvested at 24, 48, 72, and 96 h after transfection. Cell proliferation was measured with a colorimetric method based on the conversion of tetrazolium salts to formazan by dehydrogenase activity in active mitochondria (Vybrant^®^ MTT Cell Proliferation Assay Kit, V-13154, Life Technologies). Briefly, after replacing the culture medium with 400 μL of fresh culture medium (Gibco ® DMEM no phenol red, Life Technologies), 20 μL of MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium) solution were added in each well, including negative controls without cells. The cells were incubated at 37°C for 3 h, then all of the culture medium were removed and replaced with 350μl of dimethyl sulfoxide (DMSO), mixed gently, and incubate at 37°C for 10 min. The plates were read with a spectrophotometer at 560 nm (BioPhotometer Eppendorf). Cell growth follows an exponential trend predicted by the equation y~t~ = y~0\ \*~ e^rx^, where y~t~ = absorbance at specific time, x = incubation time in hours, y~0~ = a constant absorbance at time = 0, and r = rate growth. Cell doubling time (Td) was calculated according to two different methods: 1) the formula: Td = (t~2~-t~1~) x \[log2/(log y~t2~---log y~t1~)\], where y~t1~ is the absorbance at t~1~ (24 h), y~t2~ is the absorbance at t~2~ (96 h), and 2) the formula Td = ln(2)/r. The effect on duplication rate was calculated by dividing the doubling time of the transfected cells with specific siRNAs against *CDKN3* by the doubling time of the transfected cells with scrambled siRNAs.

Invasion and migration assays {#sec015}
-----------------------------

The experiments were repeated two times in triplicate. Invasion assay was done in a 24-well transwell chamber (BD BioCoat™ Matrigel™ Invasion Chamber \#354480; Becton Dickinson, Franklin Lakes, NJ). Cells suspended in 250 μL of serum-free medium (5.0 x 10^4^ cells) were added to matrigel-coated filters in triplicate wells. In the lower compartment of the chambers 500 μL of bovine-fetal-serum-conditioned medium was used as chemo attractant. After 48 h of incubation at 37°C in a 5% CO~2~ incubator, cells that invaded through the filters were collected from the lower compartment and stained with MTT colorimetric assay described above. The migration assay was conducted with a similar procedure. Cells were loaded on transwell polycarbonate membrane inserts (BD BioCoat™ Control Inserts 24-well, Cat\# 354578; Becton Dickinson) in triplicate wells. The plates were incubated for 22 h at 37°C in a 5% CO~2~ incubator. The cells that had migrated to the lower compartment of the chambers were collected and stained with MTT colorimetric assay described above.

Statistical analysis {#sec016}
--------------------

The statistical significance of differences in *CDKN3* expression between tumors and controls was calculated with the Mann--Whitney (MW) non-parametric test. Receiver Operator Characteristic (ROC) curve analysis was performed and Youden index was used \[[@pone.0137397.ref021]\] to select the best cut-off points to distinguish tumors from death and alive patients in the random selected training sets, using the FC expression values of *CDKN3* gene obtained by RT-qPCR. In brief, with the whole sample set, 500 training sets of 60 samples were randomly created. To categorize the *CDKN3* gene expression data quantified by qRT-PCR, ROC analysis was performed in each training set. This analysis was done to set a cut-off for gene expression that represented those values with the highest sensitivity and specificity to differentiate between dead and surviving patients. The whole sample set was then analyzed with the average cut-off, calculated from the values of the 500 training sets. Samples with *CDKN3* gene expression values equal or above the cut-off were set to 1 and those with values below the cut-off were set to 0.

The cumulative overall survival time was calculated by the Kaplan-Meier method and analyzed by the log-rank test. FIGO staging, *CDKN3* gene expression and HPV type were included in univariate and multivariable Cox proportional hazards regression models. The statistical significance between the mean differences in cell lines experiments was calculated with the t test. All tests were 2 sided, and p values less than 0.05 were considered statistically significant. Data analysis was performed using Sigma Stat and SPSS ver. 17 software.

Results {#sec017}
=======

*CDKN3* gene expression in cervical cancer {#sec018}
------------------------------------------

Box plots ([Fig 1A](#pone.0137397.g001){ref-type="fig"}) clearly show that *CDKN3* expression was significantly higher in CC than in healthy cervical tissue (FC = 6.4, p = 8 x 10^−6^, MW test). Moreover, when cancer specimens were grouped according to HPV16 status, a difference in expression, compared to the control group, was maintained in both CC positive for HPV16 (FC = 6.6; p = 8 x 10^−5^, MW) and CC positive for other HPV types (FC = 5; p = 8 x 10^−6^, MW) ([Fig 1A](#pone.0137397.g001){ref-type="fig"}). Although *CDKN3* expression was found to be downregulated (FC \< 1) or the FC value was equal to or less than 1.5 in 10.4% (n = 14) of tumors, mainly from the tumors positive for HPV types other than HPV16 (p\<0.05, Chi-square test; [Fig 1B](#pone.0137397.g001){ref-type="fig"}), these data support the conclusion that *CDKN3* expression was increased in most CC independent of the HPV type.

![*CDKN3* gene expression in normal cervical epithelium and cervical cancer samples.\
The expression of cyclin-dependent kinase inhibitor 3 (*CDKN3*) was measured by RT-qPCR in 25 normal healthy cervix samples and 134 cervical cancer (CC) samples positive for human papillomavirus (HPV)16 (n = 90) or for other HPV types (n = 44), including 18, 31, 33, 35, 45, 51, 52, 53, 58, 59, and 68. (A) Intensity of gene expression, expressed in Log2 values, in box plots. The upper and lower boundaries of the boxes represent the 75th and 25th percentiles, respectively. The black and dotted lines within the boxes represent the median and mean values, respectively, and the whiskers represent the minimum and maximum values that lie within 1.5x the interquartile range from the end of the box. Values outside this range are represented by black circles. The fold change (FC) was calculated by dividing the median of each CC group by the median of the control group. Statistical differences between groups were calculated using the nonparametric Mann-Whitney U test. (B) Frequency (%) distribution of *CDKN3* FCs, which were calculated in each tumor considering the median of the control group.](pone.0137397.g001){#pone.0137397.g001}

Association of *CDKN3* gene expression, clinical stage and viral type with survival {#sec019}
-----------------------------------------------------------------------------------

We investigated whether upregulation of *CDKN3* was associated with decreased survival time in 121 CC patients, and if any effects on survival were dependent of clinical stage and HPV type. To establish a separation line between dead and live patients and the potential value of *CDKN3* expression as a marker for survival, an average cut-off FC was calculated using the ROC curves (see [Material and Methods](#sec002){ref-type="sec"}). The average cut-off obtained was FC = 17. Of the 121 samples, 83 were positive for HPV 16 and 38 for other HPV types ([S2 Table](#pone.0137397.s004){ref-type="supplementary-material"}). The median time of follow up was 64 months from the initial diagnosis. Clinical stages (FIGO) of the 121 patients were IA1 (n = 1), IB1 (n = 35), IB2 (n = 29), IIA (n = 7), IIB (n = 35), IIIB (n = 9), and IV (n = 5). The overall survival of all patients was 71.9% and for FIGO clinical stages IA1/IB1, IB2, IIA, IIB, IIIB, and IV were 94.4%, 79.3%, 57.1%, 57.1%, 55.6%, and 20%, respectively. These differences were statistically significant (p = 1.2 x 10^−6^, log-rank test, [S2A Fig](#pone.0137397.s002){ref-type="supplementary-material"}).

The patients with high expression of *CDKN3* gene (FC ≥ 17) had a lower survival rate than those who had lower expression of *CDKN3* (p = 2.1 x 10^−7^, log-rank test; [Fig 2A](#pone.0137397.g002){ref-type="fig"}). The overall survival rate of patients with high expression levels of *CDKN3* was only 31.8% and the median survival time of the patients who died (68.2%) was 14 months. In contrast, the overall survival rate of patients with low expression levels of *CDKN3* (FC \< 17) was 80.8% and the median survival time of women who died (19.2%) was 19 months.

![Survival analysis of women with cervical cancer according to *CDKN3* expression.\
The Kaplan-Meier curves for cyclin-dependent kinase inhibitor 3 (CDKN3) expression are shown. Patients were followed up for at least 60 months. Overall survival analyzed with Kaplan-Meier curves is shown for CDKN3 expression status, (A) all CC sample set, (B) HPV16-positive CC cases, (C) CC positive for HPVs other than HPV16. In all panels, the p-value was calculated by comparing the curves with the log-rank test. The number of patients at risk in each time intervals are noted in the tables below the curves. Censored patients are labeled with vertical bars (see [material and methods](#sec002){ref-type="sec"}).](pone.0137397.g002){#pone.0137397.g002}

The survival analysis by *CDKN3* expression level was performed in patients divided into two groups according to HPV16 status. For either groups of patients the overall survival was much lower in patients with high expression of *CDKN3* (p \< 1 x 10^−2^, log-rank test; [Fig 2B and 2C](#pone.0137397.g002){ref-type="fig"}). On the other hand, there was no difference in the survival rate between patients positive for HPV16 and other HPV types ([S2B Fig](#pone.0137397.s002){ref-type="supplementary-material"}), neither between patients infected with HPV types from specie 9 (HPV16-related group) and patients infected with viruses from other species ([S2C Fig](#pone.0137397.s002){ref-type="supplementary-material"}).

The *CDKN3* expression FC, FIGO stage, and HPV type were analyzed individually and together in a Cox proportional hazards regression model. Due to the small sample size of some FIGO stages, cases were regrouped into 3 groups. Group I (n = 65) included clinical stages IA1, IB1 and IB2, group II (n = 42) included stages IIA and IIB, and group III (n = 14) included stages IIIB and IV. The hazard ratio (HR) for FC ≥ 17 of *CDKN3* expression was 5.0 (95% CI: 2.5--10, p = 3.3 x 10^−6^; [Table 1](#pone.0137397.t001){ref-type="table"}). Taking the group I as a reference, the HR was 4.1 for group II (95% CI: 1.8--9.3, p = 1.0 x 10^−3^) and 6.9 for group III (95% CI: 2.6--18.4, p = 1.2 x 10^−4^). Taking the group positive for HPV16 as the reference, the HR for other HPV-positive CC was 0.6 (95% CI: 0.3--1.3, p = 1.9 x 10^−1^; [Table 1](#pone.0137397.t001){ref-type="table"}), confirming no difference between the two groups of tumors. It is noteworthy that the regrouped FIGO stages were differentially distributed between patients with high and low *CDKN3* (p \< 0.05, Pearson chi-squared test). While the frequency distribution of regrouped stages in high *CDKN3* tumors followed a normal curve with stage II at the top (50%), that in low *CDKN3* tumors decreased from stage I (59.6%) to stage III (9.1%). Therefore, to determine whether the influence of *CDKN3* expression in survival was independent of FIGO stage, both variables were included in the same Cox model. The HR for *CDKN3* remained significant (HR = 3.3, 95% CI: 1.6--6.8, p = 9.2 x 10^−4^; [Table 1](#pone.0137397.t001){ref-type="table"}). These data indicate that the shorter survival of patients with high levels of *CDKN3* expression was independent of the FIGO clinical stage and HPV type.

10.1371/journal.pone.0137397.t001

###### Univariate and multivariate survival analysis of patients with CC including *CDKN3* expression, clinical stage and HPV type.

![](pone.0137397.t001){#pone.0137397.t001g}

  Variable                                                        *n*   Univariate (HR)[^a^](#t001fn001){ref-type="table-fn"}   p[^b^](#t001fn002){ref-type="table-fn"}   Confidence Interval 95%   Multivariate (HR)[^c^](#t001fn003){ref-type="table-fn"}   p[^b^](#t001fn002){ref-type="table-fn"}   Confidence Interval 95%
  --------------------------------------------------------------- ----- ------------------------------------------------------- ----------------------------------------- ------------------------- --------------------------------------------------------- ----------------------------------------- -------------------------
  *CDKN3* expression (FC)[^d^](#t001fn004){ref-type="table-fn"}                                                                                                                                                                                                                                         
  Low (\< 17)                                                     99    1                                                                                                                           1                                                                                                   
  High (≥ 17)                                                     22    5                                                       3.3 x 10^−6^                              2.5--10.0                 3.3                                                       9.2 x 10^−4^                              1.6--6.8
  FIGO                                                                                                                                                                                                                                                                                                  
  IB1/IB2                                                         65    1                                                                                                                           1                                                                                                   
  IIA/IIB                                                         42    4.1                                                     1.0 x 10^−3^                              1.8--9.3                  3.1                                                       9.6 x 10^−3^                              1.3--7.3
  IIIB/IVB                                                        14    6.9                                                     1.2 x 10^−4^                              2.6--18.4                 4.5                                                       3.9 x 10^−3^                              1.6--12.7
  Viral type                                                                                                                                                                                                                                                                                            
  HPV16                                                           83    1                                                                                                                                                                                                                               
  Other HPVs[^e^](#t001fn005){ref-type="table-fn"}                38    0.6                                                     1.9 x 10^−1^                              0.3--1.3                                                                                                                      

a\. Unadjusted Hazard Ratio. Univariate analysis was performed for each variable.

b\. Cox proportional hazards model.

c\. Adjusted Hazard Ratio. Multivariate analysis was performed considering CDKN3 expression (FC) and FIGO.

d\. FC, fold change, expression of *CDKN3* in tumors in relation to the mean in the control group.

e\. Positive tumors for HPVs 18, 31, 33, 35, 45, 51, 52, 53, 58, 59 and 68.

Effect of inhibition of *CDKN3* gene expression on proliferation, migration and invasion of cell lines derived from CC {#sec020}
----------------------------------------------------------------------------------------------------------------------

To investigate whether this gene is essential for proliferation, migration, and invasion of cancer cells, we inhibited *CDKN3* gene expression in cell lines derived from CC (HeLa, CaSki, SiHa) using specific siRNAs. The optimal concentrations of siRNAs that maximally decreased *CDKN3* expression were 80 nM for SiHa and 100 nM for CaSki, and HeLa cell lines. With these concentrations, there was an average reduction of 47.7% in *CDKN3* mRNA (p \< 1 x 10^−4^, t test; [Table 2](#pone.0137397.t002){ref-type="table"}) and 53% in CDKN3 protein (p \< 1 x 10^−10^, t test; [Fig 3A and 3B](#pone.0137397.g003){ref-type="fig"}) expression in the three cell lines.

![Detection of CDKN3 protein by immunofluorescence and Western blot in cell lines derived from CC transfected with specific siRNAs against *CDKN3* or scrambled siRNAs.\
Cell lines derived from cervical cancer (CC) positive for human papilloma virus (HPV) 16 (CaSki, SiHa) and HPV18 (HeLa) were transfected with specific cyclin-dependent kinase inhibitor 3 *(CDKN3)* or scrambled siRNAs. Cells were harvested at 96 h after transfection and stained for CDKN3 protein. (A) Immunofluorescence staining for CDKN3 protein in SiHa, CaSki and HeLa cell lines using an anti-CDKN3 primary antibody and FITC-conjugated secondary antibody. Images were photographed at 60× magnification using a fluorescence microscope Olympus FV 1000. (B) Quantification of fluorescence intensity of anti-CDKN3 antibody-stained cells. The green fluorescence intensity was quantified using ImageJ software. Values represent the mean ± S.D. of 140 fields measured in each experiment. The statistical significance between the differences was calculated using the t test. (C) Expression of CDKN3 protein examined using western blot in SiHa, CaSki, and HeLa cell lines transfected with random siRNAs (-) and with specific *CDKN3* siRNAs (+) with actin as internal control.](pone.0137397.g003){#pone.0137397.g003}

10.1371/journal.pone.0137397.t002

###### *CDKN3* gene expression decreased in cervical cancer cell lines transfected with specific siRNAs against *CDKN3*.

![](pone.0137397.t002){#pone.0137397.t002g}

          mRNA level[^a^](#t002fn001){ref-type="table-fn"}                         
  ------- -------------------------------------------------- -------------- ------ ------------
  CaSki   21.6 ± 2.1                                         8.6 ± 2.4      60.2   3 x 10^−5^
  HeLa    211.3 ± 17.1                                       109.1 ± 15.4   48.3   8 x 10^−7^
  SiHa    264.9 ± 31.5                                       173.1 ± 17.3   34.7   8 x 10^−7^

a\. Level of mRNA normalized with an internal control (*GAPDH*).

b\. Cells transfected with a mix of 3 scrambled siRNAs. The optimal concentration of siRNAs that greatest decreases the *CDKN3* messenger was 80 nM for SiHa and CaSki, and 100 nM for HeLa cell lines.

c\. Cells transfected with a mix of 3 specific siRNAs against *CDKN3*. The optimal concentration of siRNAs that greatest decreases the CDKN3 messenger was 80 nM for SiHa and CaSki, and 100nM for HeLa cell lines.

d\. % of Decrease = 100---(siRNA *CDKN3*/siRNA Control)\*100

e\. t test.

Cell lines transfected with scrambled siRNAs showed typical exponential growth, indicating that the transfection with the control siRNAs did not affect cell growth (blue diamonds in [Fig 4A--4C](#pone.0137397.g004){ref-type="fig"}). In contrast, the cell proliferation decreased significantly in the three cell lines after they were transfected with specific siRNAs against *CDKN3* (red diamonds in [Fig 4A--4C](#pone.0137397.g004){ref-type="fig"}). Cell growth inhibition was observed from the first time point (24 h) in all but one cell line (HeLa), and increased linearly with the incubation time ([Fig 4D](#pone.0137397.g004){ref-type="fig"}). The highest level of inhibition was reached at 96 h, the last time point measured. The highest percent inhibition was observed in SiHa (80%), then in CaSki (79%) and finally in HeLa (43%) cells ([Fig 4D](#pone.0137397.g004){ref-type="fig"}). Consequently, cell doubling time increased in the three cell lines, most notably in SiHa, in which the doubling time increased three-fold. The doubling time of non-transfected SiHa cells or those transfected with irrelevant siRNAs was 32.9 h, whereas the doubling time of cells transfected with *CDKN3* specific siRNAs increased up to 106.6 h ([Table 3](#pone.0137397.t003){ref-type="table"}).

![Cell proliferation curves of CC-derived cell lines transfected with specific siRNAs against *CDKN3* or scrambled siRNAs.\
Cell lines were transfected with specific cyclin-dependent kinase inhibitor 3 *(CDKN3)* (red diamonds) or scrambled siRNAs (blue diamonds). Cells were harvested at 24, 48, 72, and 96 h after transfection. Cell proliferation was measured using the MTT method, and the plates were read with a spectrophotometer at 560 nm. The experiments were repeated two times by triplicate, and the figure shows the data of one experiment. Mean ± standard deviation of triplicates, growth trend line, and growth model equations are shown for CaSki (A), HeLa (B) and SiHa (C). Cell growth follows an exponential trend predicted by the equation y~t~ = y~0\ \*~ e^rx^, where y~t~ = absorbance at specific time, x = incubation time in hours, y~0~ = a constant absorbance at time = 0, and r = rate growth. In panel D, we calculated the percentage of cell-proliferation inhibition of CaSki, HeLa and SiHa cell lines at 24, 48, 72, and 96 h post-transfection. At each time point, the mean absorbance of triplicates of cells transfected with the scrambled siRNAs was set as 100%.](pone.0137397.g004){#pone.0137397.g004}

10.1371/journal.pone.0137397.t003

###### Doubling time increased in cervical cancer cell lines transfected with specific siRNAs against *CDKN3*.

![](pone.0137397.t003){#pone.0137397.t003g}

          Doubling time[^a^](#t003fn001){ref-type="table-fn"} (hours)           
  ------- ------------------------------------------------------------- ------- -----
  CaSki   33.2                                                          95.0    2.6
  HeLa    29.9                                                          42.0    1.4
  SiHa    32.9                                                          106.6   3.2

a\. Calculated using the equations of exponential growth, included in [Fig 4](#pone.0137397.g004){ref-type="fig"}.

b\. Cells transfected with a mix of 3 scrambled siRNAs

c\. Cells transfected with a mix of 3 specific siRNAs against *CDKN3*.

d\. Duplication rate = siRNA *CDKN3*/siRNA Control.

The abilities of cell lines transfected with *CDKN3* siRNAs to migrate through a porous membrane (PET; 8.0 micron pores) and invade through a Matrigel membrane were similar to those of cells transfected with control siRNAs ([Fig 5](#pone.0137397.g005){ref-type="fig"}). This indicates that the decrease of *CDKN3* gene expression does not affect the migration and invasion capacity of these cell lines.

![Cell migration and invasion of cervical cancer (CC)-derived cell lines transfected with specific siRNAs against cyclin-dependent kinase inhibitor 3 *(CDKN3)* or scrambled siRNAs.\
Cell lines were transfected with specific *CDKN3* (black bars) or scrambled siRNAs (white bars). Cells were harvested 48 h after transfection. Cell migration (A) and invasion (B) was assayed in a 24-well transwell polycarbonate membrane inserts and in a 24-well transwell matrigel invasion chamber, respectively. After incubation time, cells that migrated through the filters or invaded through the matrigel membranes were collected and stained with MTT colorimetric assay. The experiments were repeated two times by triplicate, and the figure shows the mean ± S.D. of one experiment.](pone.0137397.g005){#pone.0137397.g005}

Analysis of mRNA and protein variants of *CDKN3* gene {#sec021}
-----------------------------------------------------

The *CDKN3* mRNA variants were analyzed in 45 tumors, 22 controls, and the three cell lines with RT-PCR. The transcript variants were identified by electrophoresis or sequencing of the amplified cDNA bands, or both. The wild-type *CDKN3* (wt*CDKN3*) transcript was found in all tumors and cell lines as well as most controls (86.3%) analyzed ([S3 Table](#pone.0137397.s005){ref-type="supplementary-material"}). The wt*CDKN3* corresponded to the superior 756 bp band (transcript "a") in panel A of [Fig 6](#pone.0137397.g006){ref-type="fig"}. A second band was detected just below the wt*CDKN3* but did not correspond to any *CDKN3* transcript according to the cDNA sequence (data not shown). Below these bands, tenuous bands were observed in some samples and cell lines (panel A of [Fig 6](#pone.0137397.g006){ref-type="fig"}). To amplify these bands, a nested PCR was performed using internal primers (F2 and R5 in [S1 Table](#pone.0137397.s003){ref-type="supplementary-material"}, Panel B). Panel B shows the wt*CDKN3* transcript (721 bp) as the main band, but in many samples including the cell lines, there were several lower sized bands. Five of these bands (\< 200, 200, 400, 450, and 500 bp) were sequenced ([Fig 7](#pone.0137397.g007){ref-type="fig"}) and named cx2, cx1, cx3, cx4, and cx5, respectively in [Fig 7](#pone.0137397.g007){ref-type="fig"}. Three of them excluded the VII and VIII exons from an open reading frame (ORF); one by splicing (cx1) and two by presenting early stop codons (cx4 and cx5, [Fig 7A](#pone.0137397.g007){ref-type="fig"}). The transcript cx2 excluded exon VII by splicing and only transcript cx3 presented exons VII and VIII in an ORF. These two exons along with N-terminal portion of CDKN3 are involved in interactions with CDK2 \[[@pone.0137397.ref030]\]. Although there were differences in the frequencies of these five transcripts between CC tumors and controls and between live and deceased patients, these differences were not statistically significant (see [S3 Table](#pone.0137397.s005){ref-type="supplementary-material"}).

![Analysis of *CDKN3* transcripts.\
Figure shows gel electrophoresis of mRNA variants of *CDKN3* gene identified in CC, controls, and cell lines using reverse transcription-polymerase chain reaction (RT-PCR). Panel A and B show wild-type (wt) *CDKN3* mRNA transcript. (A) RT-PCR was performed with external primers F1/R1 (756 bp, black arrow). (B) A 2-μL sample of 1:5 dilution of reactions of (A) were re-amplified using the nested primers F2/R5. In some samples, other weak transcripts were observed below wt*CDKN3* transcript (721 bp) including variants cx1, cx2, cx3, cx4, and cx5 (200, \< 200, 400, 450, and 500 bp, respectively). (C) RT-PCR identified the "f" variant (453 bp) using primers F1/R9f. Most samples showed an additional lower band (cx6 variant, 370 bp). (D) RT-PCR identified "i" variant (633 bp) using primers F6i/R5. (E) RT-PCR identified "k" variant (392 bp) using primers F4/R5. Lower panel shows RT-PCR amplification of glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*) gene as internal control. Cell lines were transfected with random siRNAs (-) or specific CDKN3 siRNAs (+), treated, and then incubated as described in Material and methods. RT-PCR was performed on RNAs extracted 48 h after transfections.](pone.0137397.g006){#pone.0137397.g006}

![Sequencing analysis of *CDKN3* transcripts.\
All *CDKN3* transcripts found in analyzed samples were sequenced. (A) Graphical representation of sequencing findings in transcripts detected in samples including exons, introns, alternative splicings, and stop codons. Variant "a" represents wild-type (wt) CDKN3 mRNA and variants f, i, and k are transcripts previously reported that were also detected in our samples. Graphics of newly detected transcripts not previously reported are also shown (cx1, cx2, cx3, cx4, cx5, and cx6) based on sequences, which are partially shown in (B). Gray light boxes represent the 3ʹUTR, 5ʹUTR, and nontranslated sequences. Coding exons are represented by light blue boxes and introns are depicted by continuous black lines. Alternative splicings are represented by black dashed lines. Start codons (AUG) are shown at the beginning of every transcript. Normal stop codons (UAA) and stop codons generated by alternative splicing (\*) are shown. Pink shaded rectangle in the 5ʹʹ region depicts the coding region of first 34 amino acids necessarily for CDK2 interaction. Shaded green rectangle in the 3ʹ region represents carboxyl terminal region of CDKN3, which participates in stabilization of CDK2 interaction. Green, blue, and red bars above transcripts in (A) indicate recognition sites of TaqMan probes, anti-CDKN3 antibody, and siRNA-CDKN3, respectively.](pone.0137397.g007){#pone.0137397.g007}

From the transcripts previously reported (\[[@pone.0137397.ref028]\], [S3 Table](#pone.0137397.s005){ref-type="supplementary-material"}), besides the wt*CDKN3* transcript, only the "f\" (panel C in [Fig 6](#pone.0137397.g006){ref-type="fig"}), "i" (panel D in [Fig 6](#pone.0137397.g006){ref-type="fig"}), and "k" (panel E in [Fig 6](#pone.0137397.g006){ref-type="fig"}) transcripts were found either in tumors, controls, or in cell lines. Together with the "f" transcript (453 bp), a second unreported band of 370 bp (named cx6 in [Fig 7](#pone.0137397.g007){ref-type="fig"}) with similar intensity to the "f" band, was detected in most samples and cell lines. This band showed an early stop codon excluding the V, VI, VII, and VIII exons from an ORF ([Fig 7](#pone.0137397.g007){ref-type="fig"}). The frequency of all transcripts was similar for tumors and controls and no statistically significant differences were found. However, the signals of all but one ("i") of the *CDKN3* transcripts, mainly wtCDKN3, were weaker in the controls than they were in tumors ([Fig 6](#pone.0137397.g006){ref-type="fig"} panels A-C, and E). The intensity of the "i" transcript was similar for tumors and controls ([Fig 6](#pone.0137397.g006){ref-type="fig"} panel D). The primers and probe of the TaqMan assay used for the qPCR were located in exon VI and VII and these exons are present only in the main transcripts "a" and "i". Therefore, the difference in *CDKN3* expression between controls and tumors measured using qPCR represented mainly the variations in the "a" transcript. The *CDKN3* transcripts were investigated in the cell lines transfected with unspecific (lines labeled as "-" in [Fig 6](#pone.0137397.g006){ref-type="fig"}) or specific *CDKN3* siRNAs (lines labeled as "+" in [Fig 6](#pone.0137397.g006){ref-type="fig"}). In these experiments, only the wt*CDKN3* (labeled with an arrow in [Fig 6A](#pone.0137397.g006){ref-type="fig"}) clearly decreased after the transfection with specific *CDKN3* siRNAs compared with the unspecific siRNAs. CDKN3 protein was analyzed using western blot in the three cell lines transfected with specific and unspecific *CDKN3* siRNAs. We only detected the wt protein band in these experiments (34 kDa, in [Fig 3C](#pone.0137397.g003){ref-type="fig"}). Similar to the wt*CDKN3* transcript, the wtCDKN3 protein decreases after transfection with specific siRNAs ([Fig 3C](#pone.0137397.g003){ref-type="fig"}). These data are in agreement with the results observed in the immunofluorescence analysis ([Fig 3A](#pone.0137397.g003){ref-type="fig"}).

Cellular localization of CDKN3 protein in cell lines and CC, and control tissues using immunofluorescence and immunohistochemistry {#sec022}
----------------------------------------------------------------------------------------------------------------------------------

It is quite interesting that the CDKN3 protein was found localized exclusively in the cytoplasm of cells in the three cell lines explored using immunofluorescence ([Fig 3A](#pone.0137397.g003){ref-type="fig"}). To investigate the cellular localization of the protein in invasive tumors and normal cervix, CDKN3 was determined in 37 invasive tumors and 21 controls using immunohistochemistry. The percentage of tumors positive for CDKN3 was 89.2%. Although most controls showed CDKN3 signals (80%), the signals were much weaker than they were in the tumors (≤ 1 +). This difference in positivity was consistent with the data obtained with the qRT-PCR. Signals were observed in both the cytoplasm and nucleus. However, in HPV16-positive tumors (n = 22) the signals were stronger (3+ vs. 1+) and were predominantly in the cytoplasm rather than in the nucleus (64.5 ± 39 vs. 33.2 ± 37%, p \< 0.05, t test, [Fig 8](#pone.0137397.g008){ref-type="fig"}, panels A--F). In tumors positive for HPVs other than HPV16 (n = 15), the signals were weaker than they were in HPV16-positive tumors (1+ vs. 3+); however, the distribution was similar in the cytoplasm and nucleus (66.7 ± 42 and 74 ± 27%, [Fig 8](#pone.0137397.g008){ref-type="fig"}, panels G--I).

![Histological analysis of CDKN3 protein expression.\
CDKN3 protein expression was determined by immunohistochemistry using formalin-fixed paraffin-embedded tissue sections. Representative experiments in HPV16-positive squamous cell carcinomas (A--D) and adenocarcinomas (E and F), and squamous cell carcinomas positive for other HPVs (G--I) are shown. Specific signals are shown as brown staining (counterstained with hematoxylin, original magnification ×800; bars, 20 μm). High-grade squamous intraepithelial lesion (J), normal cervical epithelium (K and L), and experimental controls without primary antibody (M--O) are also shown.](pone.0137397.g008){#pone.0137397.g008}

Discussion {#sec023}
==========

In this study, we showed that about 70% of CC patients over expressing *CDKN3* gene died within two years of diagnosis, independent of the clinical stage and HPV type. We also found that inactivation or partial inhibition of *CDKN3* gene expression dramatically decreases cancer cell proliferation *in vitro*. Based on the study results, we can conclude that the *CDKN3* mRNA expression level might be a good predictive marker for evaluating patient survival and tumor aggressiveness. We can also conclude that the *CDKN3* gene, at the mRNA level, could be a good therapeutic target for tumor growth inhibition. Several other previously identified markers have been associated with poor CC patient survival: LIM kinase 1 \[[@pone.0137397.ref031]\], galectin 7 \[[@pone.0137397.ref032]\], miRNA-224 \[[@pone.0137397.ref033]\], NF-kB \[[@pone.0137397.ref034]\], and Caspase-3 \[[@pone.0137397.ref035]\]. However, none of these has been associated with an overall death rate higher than 45% compared to 70% for CDKN3 in this study. Although these differences could depend on the populations studied, the distance between these markers and CDKN3 was very obvious.

The association of *CDKN3* with decreased survival of CC patients and cancer cell proliferation clearly indicate that this gene might be involved in CC progression. Although we cannot disregard the role of *CDKN3* in tumor migration and invasion, the partial inhibition of CDKN3 expression (35--50%) suggests its involvement in tumor progression may be by inducing cell proliferation through a direct action on the cell cycle. Other signals, not related to *CDKN3*, may be central to the regulation of cell migration and invasion in CC \[[@pone.0137397.ref036], [@pone.0137397.ref037]\]. *CDKN3* has been found to be upregulated in breast, prostate, ovary, lung, renal, glioblastoma, liver, neuroendocrine, and oral cancers \[[@pone.0137397.ref027], [@pone.0137397.ref038]--[@pone.0137397.ref046]\]. In agreement with our data, upregulation of *CDKN3* gene, together with other genes, has been associated with decreased survival of patients with lung cancer \[[@pone.0137397.ref040]\] and astrocytoma \[[@pone.0137397.ref043]\]. Furthermore, *CDKN3* inhibition in many cell lines decreases cell proliferation, suggesting that this gene acts as an oncogene \[[@pone.0137397.ref047]\]. However, overexpression of *CDKN3* has been associated with the inhibition of cell proliferation in glioblastoma \[[@pone.0137397.ref042], [@pone.0137397.ref048]\] and leukemic \[[@pone.0137397.ref049]\] cell lines. In addition, *CDKN3* has been proposed to be a tumor suppressor gene of brain tumors \[[@pone.0137397.ref043], [@pone.0137397.ref048]\] and of mitosis control \[[@pone.0137397.ref048]\]. In fact, *CDKN3* protein binds to Cdk2 and dephosphorylates Thr160 when the associated cyclin subunit is degraded. Because the phosphorylation of Thr160 is necessary for full Cdk2 activity and cell cycle progression, dephosphorylation of Thr160 inhibits cell cycle progression \[[@pone.0137397.ref048]\]. However, in some tumors, some spliced or aberrant CDKN3 proteins were able to compete with the wt CDKN3 protein for the Cdk2-binding site, thereby avoiding the dephosphorylation of Thr160 \[[@pone.0137397.ref030], [@pone.0137397.ref043]\]. In the present study, we did not find mutated or aberrant CDKN3 transcripts, and in all CC samples and cell lines analyzed, the wt*CDKN3* transcript was predominant; however, some samples showed other known spliced mRNA variants (f, i, and k). New mRNA splicing variants, with early stop codons were also detected in some samples and cell lines. However, they were scarce and were detected only after a nested PCR was performed. In fact, in the western blot analysis we only detected the wt protein in cell lines. Although we could not explored the CDKN3 protein in tumor samples using western blotting, the cell line data and predominance of the wt*CDKN3* mRNA variant in tumors suggests that it was the wt CDKN3 protein that dominated in the CC samples and cell lines. Therefore, the inhibition mechanism mediated by competition between aberrant or spliced mRNA variants appeared to be absent in CC. On the other hand, the high-risk HPV oncoproteins stimulate the cells to exit the G1 phase and enter the cell cycle by promoting the inhibition or degradation of RB, p53, and p27 proteins. However, there is no evidence that these viral proteins also inhibit CDKN3 protein.

In this study, we showed conclusively that the CDKN3 protein was located exclusively in the cytoplasm of the three CC cell lines explored. In the CC tumors, it was also observed mainly in the cytoplasm, although the protein signals could be seen in the nucleus as well. The depletion of CDKN3 from the nucleus or its relocation to the cytoplasm appeared to be a compensatory mechanism to avoid the dephosphorylation of CDK2 by CDKN3. In fact, preliminary results showed no changes in the proportion of phosphorylated and unphosphorylated CDK2 protein at Thr^160^ in cell lines transfected with irrelevant or specific *CDKN3* siRNAs (data not shown). It is not known whether this relocation of CDKN3 to the cytoplasm is related to the viral proteins or is a regulatory mechanism of cancer cells that confers a growth selective advantage.

Interestingly, the wt*CDKN3* transcript was the one that diminished after the CC cell lines were transfected with the *CDKN3* specific siRNAs, as shown in [Fig 6](#pone.0137397.g006){ref-type="fig"}. These results suggest that the decrease in the wt transcript and its corresponding protein, located mainly in cytoplasm, is likely related to the inhibition or decrease of cell proliferation *in vitro* after the inhibition of the *CDKN3* gene. Therefore, other functions not related to *CDK2* inhibition could be involved. In fact, CDKN3 protein, a dual-specificity protein phosphatase of the Cdc14 phosphatase group, also appears to be essential in the regulation of mitosis exit. It interacts with CDK1 (CDC2) and inhibits its activity, and dephosphorylates many of the proteins phosphorylated by CDK1 \[[@pone.0137397.ref047], [@pone.0137397.ref048]\]. CDKN3 and other Cdc14 phosphatases appear to be essential for antagonizing Cdk activity in late mitosis, allowing cells to exit mitosis and enter cytokinesis. The regulation of cytokinesis may be the one conserved function of the Cdc14 phosphatases \[[@pone.0137397.ref048]\]. Therefore, the inhibition of the *CDKN3* gene would prevent or impair the exit from the M phase, to start a new cell cycle. However, it is still necessary to demonstrate the phase of the cell cycle that is altered when *CDKN3* is downregulated, mainly using fluorescence-activated cell sorting (FACS). In models in which *CDKN3* functions as a tumor suppressor gene, as in the leukemic cell line K562, the over expression of wt*CDKN3* delays the G1/S transition but had no significant effect on the timing of the G2/M/G1 progression \[[@pone.0137397.ref049]\]. Clarifying the role of *CDKN3* in cervical cancer is important to design appropriate strategies to target *CDKN3*.

The potential use of the *CDKN3* expression profile to select patients who need to be treated with more aggressive treatment is very promising. For patients with high levels of *CDKN3* expression (FC ≥ 17), there are at least three additional treatment options. First, the inclusion of neoadjuvant chemotherapy with paclitaxel and carboplatin \[[@pone.0137397.ref050], [@pone.0137397.ref051]\], second, the use of angiogenesis blockers, such as bevacizumab \[[@pone.0137397.ref052], [@pone.0137397.ref053]\], and third, the use of epidermal growth factor receptor inhibitors like erlotinib \[[@pone.0137397.ref054]\]. However, appropriate clinical trials should investigate the clinical value of measuring *CDKN3* mRNA as an indicator for additional neoadjuvant chemotherapy or specific target cancer therapy.

Several factors make *CDKN3* a potential target for CC treatment. First, *CDKN3* is over expressed in CC, on average 6-fold more than in the normal cervix. Second, *CDKN3* is involved in mitosis. Third, inhibition of *CDKN3* gene expression reduced cell proliferation by an average of 67% in cell lines derived from CC. It is important to note that despite reducing by about half the *CDKN3* mRNA and protein expression with specific siRNAs, the reduction of proliferation was on average 67%. This suggests that a greater inhibition of *CDKN3* would increase the reduction in proliferation. Although inhibition of *CDKN3* seems to have no effect on migration and invasion of the cell lines derived from CC, the effect in decreasing cell proliferation alone makes *CDKN3* a potential therapeutic target. In fact, if we could block 100% cell proliferation, we would secondarily block migration and invasion, as there would be no cells to migrate and invade. Furthermore, there are no specific targeted anticancer drugs that block all biological processes related to cancer, and yet, they are used to treat patients \[[@pone.0137397.ref055], [@pone.0137397.ref056]\]. However, we do not know whether the effect of *CDKN3* on the inhibition of cell proliferation *in vitro*, would be reflected in reduction of tumor growth in a mouse model. Moreover, we do not know the effect of inhibiting the *CDKN3* gene on proliferation of normal cells. However, because *CDKN3* is over-expressed in cancer cells, it is expected that its effect in normal cells would be minimal.

The use of specific siRNAs to block or inhibit the activity of a gene is a well-established methodology for *in vitro* models, particularly to investigate gene function \[[@pone.0137397.ref057]--[@pone.0137397.ref059]\]. However, the use of siRNAs as therapeutic agents in tumor models has not been entirely successful, especially for invasive or metastatic cancers \[[@pone.0137397.ref060], [@pone.0137397.ref061]\]. The first stage to design or identify selective or specific anti-cancer drugs is to identify targets present in cancer tissues and absent in normal tissues. Clearly, *CDKN3* seems to be a target in CC, but further study is needed to identify or develop either a small molecule drug that inhibits CDKN3 function specifically in neoplastic cells or an effective systemic delivery strategy to introduce *CDKN3*-specific siRNAs into cancer cells \[[@pone.0137397.ref062]\].

Although at the selected cut-off (FC = 17) the specificity of *CDKN3* was very high (92%; the % of surviving patients who had FC \< 17), the sensitivity of *CDKN3* was low (44.1%; the % of dead patients who had FC ≥ 17). Therefore, additional markers are needed to increase the sensitivity of *CDKN3*. In addition to the reports published by our group \[[@pone.0137397.ref021], [@pone.0137397.ref063]\], there is only one other study \[[@pone.0137397.ref064]\] in which *CDKN3* has been found to be overexpressed in CC. It is important to emphasize that more studies are needed to completely understand the role of *CDKN3* in cervical cancer and determine if it is associated with low survival of patients with CC in other populations as well.

Conclusions {#sec024}
===========

The results presented here will help to develop new strategies for the treatment of CC. In this study, we showed that about 70% of CC patients over expressing *CDKN3* gene died within two years of diagnosis, independent of the clinical stage and HPV type. We also found that inactivation or partial inhibition of *CDKN3* gene expression dramatically decreases cancer cell proliferation *in vitro*. The potential use of the *CDKN3* expression profile to select patients who need to be treated with more aggressive treatment is very promising. On the other hand, as *CDKN3* seems to be indispensable for cancer cell proliferation, it could be a good therapeutic target for tumor growth inhibition.

Supporting Information {#sec025}
======================

###### Specificity of the secondary antibody.

Cell lines derived from cervical cancer (CC) positive for human papilloma virus (HPV) 16 (CaSki, SiHa) and HPV18 (HeLa) were transfected with specific cyclin-dependent kinase inhibitor 3 (CDKN3) or scrambled siRNAs. Cells were harvested at 96 h after transfection and stained as in [Fig 3](#pone.0137397.g003){ref-type="fig"}, but without the primary antibody against CDKN3. Images were photographed at 60× magnification using an Olympus FV 1000 fluorescence microscope.

(TIF)

###### 

Click here for additional data file.

###### Survival analysis of women with cervical cancer according to FIGO staging, HPV type, and HPV specie.

The Kaplan-Meier curves for cervical cancer (CC) staging, human papilloma virus (HPV) type, and HPV specie are shown. Patients were followed up for at least 60 months. Overall survival analyzed with Kaplan-Meier curves is shown for CC patients classified by stage (A), HPV type (B) or HPV specie (C). In all panels, the p-value was calculated by comparing the curves with the log-rank test. The number of patients at risk in each time intervals are noted in the tables below the curves. Censored patients are labeled with vertical bars (see [material and methods](#sec002){ref-type="sec"}).

(TIF)

###### 

Click here for additional data file.

###### List of primers used for identification of CDKN3 mRNA variants.

(DOCX)

###### 

Click here for additional data file.

###### Clinical data and fold change of *CDKN3* expression of 134 cervical cancer patients.

A, A total of 134 samples were screened for the expression of CDKN3 by RT-qPCR, but only 121 patients were included in the survival study. Patients that did not receive treatment (n = 8) or lost during the follow-up in the first 10 months (n = 5) were not included in the survival analysis (marked with an asterisk). B, ACC, Adeno-cell carcinoma. SCC, Squamous-cell carcinoma. ASCC, Adenosquamous-cell carcinoma. UND, Undifferentiated. C, HT, radical hysterectomy. Tele, teletherapy. Brachy, brachytherapy. Chemo, chemotherapy with Cisplatin. D, Status alive was registered at the last follow up, death was caused by primary tumor of cervical cancer, except the case labeled with a double asterisk (R221), and unknown cases were lost during the follow up study. The cause of death of case labeled with a double asterisk was unknown. E, Fold change (FC) was calculated with the median values as follows: expression of CDKN3 in each tumor/expression of CDKN3 in the control set.

(DOCX)
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Click here for additional data file.

###### Frequency of different mRNA variants of *CDKN3* gene.

A, The variants a, b, c, e, f, i, and k have been previously reported in other cancer types, whereas the variants cx1--cx6 are reported here for the first time. Variants cx1--cx5 were amplified in nested RT-PCRs from a 1:5 dilution of the reaction for variant a. Variant cx6 was amplified simultaneously and with the same primers used for variant f. B, The cell lines explored were CaSki, HeLa, and SiHa. C, The variant \"a\" is the wild type (wt) transcript of the CDKN3 gene.

(DOCX)

###### 

Click here for additional data file.
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CC

:   Cervical cancer

HPV

:   Human papilloma virus

CDKN3

:   Cyclin-dependent kinase inhibitor 3

FIGO

:   Fédération Internationale de Gynécologie Obstétrique

GAPDH

:   Glyceraldehyde 3-phosphate dehydrogenase

RT-qPCR

:   Retro transcription-quantitative PCR

FC

:   Fold change

ROC

:   Receiver Operator Characteristic

MW

:   Mann--Whitney test

HR

:   Hazard ratio
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